Cdc42p, a Rho family GTPase of the Ras superfamily, is a key regulator of cell polarity and morphogenesis in eukaryotes. Using 37 site-directed cdc42 mutants, we explored the functions and interactions of Cdc42p in the budding yeast Saccharomyces cerevisiae. Cytological and genetic analyses of these cdc42 mutants revealed novel and diverse phenotypes, showing that Cdc42p possesses at least two distinct essential functions and acts as a nodal point of cell polarity regulation in vivo. In addition, mapping the functional data for each cdc42 mutation onto a structural model of the protein revealed as functionally important a surface of Cdc42p that is distinct from the canonical protein-interacting domains (switch I, switch II, and the C terminus) identified previously in members of the Ras superfamily. This region overlaps with a region (␣5-helix) recently predicted by structural models to be a specificity determinant for Cdc42p-protein interactions.
INTRODUCTION
Cdc42p is a member of the Rho family of the Ras superfamily of small GTP-binding proteins and is highly conserved in sequence and function across eukaryotic species (reviewed by Johnson, 1999) . In mammalian cells, Cdc42p is implicated in transcriptional activation, translational control, and, via rearrangements of the actin cytoskeleton, cell morphogenesis (reviewed by Mackay and Hall, 1998; Zohn et al., 1998; Johnson, 1999) . In the yeast Saccharomyces cerevisiae, in which CDC42 was first discovered, Cdc42p is essential for the establishment of cell polarity necessary for bud growth (Adams et al., 1990; Johnson and Pringle, 1990; Johnson, 1999) .
Cdc42p acts as a regulatory switch in signal transduction, cycling between an active GTP-bound state and an inactive GDP-bound state. Posttranslational C-terminal geranylgeranylation allows Cdc42p to associate with the plasma membrane, where it binds multiple downstream targets or effectors via a structural loop (switch I) (Johnson, 1999) . As with other proteins in the Ras superfamily, the switch I and switch II regions of Cdc42p "switch" conformation upon replacement of bound GDP with GTP, changing the accessibility of these regions to interacting (i.e., effector) proteins (Feltham et al., 1997) . Although some effectors of Cdc42p thus far appear to be species specific, many Cdc42p effectors such as WASP, IQGAP, the formins, and the PAK kinases are conserved across species (Johnson, 1999) . Considering the number of interactions Cdc42p makes with effector and regulatory proteins in both yeast and more complex organisms, it may be more accurate to think of Cdc42p as a signal transduction switchboard, rather than a simple "on-off" switch with one effector target. In this case, the switchboard forms multiple, distinct signaling complexes to link spatial and temporal cues within the cell to a variety of signaling pathways.
Modeling Cdc42p as a switchboard or nodal point of signal transduction, however, raises a twofold problem of specificity. First, Cdc42p must interact with specific effector targets in a temporally and spatially regulated manner. Second, to elicit specific cellular responses, molecular interactions of effector proteins with Cdc42p must be favored over interactions with other Rho family members. Specificity in these interactions could arise from a regulated spatial or temporal insulation of Cdc42p, its regulatory proteins, and/or its effectors. Alternatively, specificity may be an intrinsic property of Cdc42p. Consistent with this possibility, in vitro and in vivo studies of Rho proteins show that specific residues within switch I are required for specific cellular processes (Lamarche et al., 1996; Joneson and Bar-Sagi, 1998; Sahai et al., 1998; Zohar et al., 1998) . However, variation in switch I sequences cannot account fully for specificity. For example, in S. cerevisiae, there are six Rho family proteins: Cdc42p and Rho1p-Rho5p (Garcia-Ranea and Valencia, 1998) . Almost all of these proteins are known to be involved in distinct functions required for budding (Cabib et al., 1998; Madden and Snyder, 1998; Schmidt and Hall, 1998) . The switch I regions of these proteins are highly conserved and, in the case of Cdc42p and Rho5p, identical. Therefore, it is probable that, as in the Rab family of small GTP-binding proteins (Brennwald and Novick, 1993; Dunn et al., 1993; Stenmark et al., 1994) , regions of Cdc42p in addition to switch I confer functional specificity. To study individual Cdc42p functions in vivo and the structure-function relationships that allow the Rho family of small GTP-binding proteins to participate in distinct cellular processes, we created and analyzed a collection of cdc42 alleles in S. cerevisiae.
MATERIALS AND METHODS

Strains, Media, and Transformations
cdc42 strains generated by site-directed mutagenesis are described in Table 1 . All yeast transformations were performed according to the modified (Schiestl and Gietz, 1989 ) method of Ito et al. (1983) . Other strains are described below and include diploid DDY1102, which was created by mating haploid strains DDY902 (MATa ade2-1 his3⌬200 leu2-3,112 ura3-52) and DDY904 .
Unless stated otherwise, yeast strains were cultured with rich (YPD) medium (Sherman et al., 1986) at 25°C. To track the segregation of auxotrophic markers and to selectively maintain plasmids, strains were cultured with complete synthetic (SC) medium (Sherman et al., 1986) lacking the appropriate amino acid(s) (e.g., SC-Leu). To induce sporulation, diploid cells were grown in sporulation medium (Sherman et al., 1986) containing complete amino acids at one-third the concentration used for SC medium.
In Vitro Mutagenesis
To construct a CDC42 template for mutagenesis, S. cerevisiae CDC42 was subcloned from pRB1590 (Ohya et al., 1993) , on a BamHI-SalI fragment, into pRS305 (pDDLV29) (Sikorski and Hieter, 1989 ) to form pKK177. The subcloned fragment was sequenced in both directions and was found to be identical to published sequences Miller and Johnson, 1997) , except for a constructed NdeI site (CATATG) at the start codon. Site-directed mutagenesis (Transformer, Clontech, Palo Alto, CA) subsequently introduced a SphI site 10 base pairs 3Ј of the stop codon to generate pKK294. A Bsu36I-SphI fragment (Bsu36I blunted with Klenow) was isolated from pKK294 and subcloned into the EcoRI (blunted with Klenow) and SphI sites of pALTER-1 (Promega, Madison, WI), forming pAC2. All subsequent oligonucleotide site-directed mutagenesis was performed on pAC2 with the Altered Sites II in vitro mutagenesis system (Promega). The introduction of each mutation, marked by a diagnostic restriction site (Table 1) , was verified by restriction endonuclease digestion.
From the mutagenized pAC2 template, the coding sequence of each cdc42 allele was subcloned as a NdeI-SphI fragment into the integration construct pKK655, replacing the NdeI-SphI fragment bearing the wild-type allele. The D118A mutation was subcloned directly into pKK655 as a Bsu36I-BsrGI fragment from pcdc42-A118 (Ziman et al., 1991) . To construct pKK655, LEU2 was removed from the vector sequence of pKK294 by digestion with Tth111I and DraIII, forming pKK415. NotI linkers were then ligated to the blunted ends of a unique NsiI site in pKK415, forming pKK554. LEU2 with NotI ends (underlined) was generated by PCR from a pRS305 template with the use of the primer pair 5ЈAGTCTCTAGCGGCCGCAC-CATATCGACTACGTCGTAAG3Ј and 5ЈAGTCTCTAGCGGCCG-CATATCGACGGTCGAGGAG3Ј. This fragment was then cloned into the NotI site of pKK554 to form pKK655, in which the selectable LEU2 marker is linked to CDC42. Integration of LEU2 next to wild-type CDC42 did not perceptively compromise CDC42 function. The relevant BanII-XbaI fragment of pKK655 is diagrammed in Figure 1C . A DNA sequence was obtained for each cdc42 allele subcloned into pKK655 to confirm the accuracy of the mutagenesis.
Construction of cdc42 Strains
Following the strategy of Wertman et al. (1992) , LEU2-marked cdc42 alleles were integrated into the S. cerevisiae genome by homologous recombination ( Figure 1C ), replacing CDC42 and ensuring that each cdc42 allele was expressed at wild-type levels. A recipient strain (DDY1151) hemizygous at CDC42 was constructed by transforming DDY1102 with a BanII-XbaI digest of pKK366. To construct pKK366, HIS3 was subcloned as a blunted ApaLI-DraIII fragment from pRS303 (Sikorski and Hieter, 1989) into the blunted NdeI sites of pKK294. Transformants of DDY1102 were selected on SC-His medium. To identify a recombinant in which one copy of the CDC42 coding sequence was replaced by HIS3, His ϩ transformants were screened by PCR with the use of primers A (5ЈCCACCGTCGAT-TCAAGGG3Ј) and D (5ЈGCTGCAAGAACAAAGAGACC3Ј), which flank the desired integration site (see Figure 1C ). To ensure that transformation resulted in the integration of only one HIS3 marker and did not produce any other recessive lethal mutation, hemizygotes were sporulated and the tetrad progeny dissected. For each tetrad, only two His Ϫ progeny grew, indicating the disruption of a single essential gene by HIS3. The His ϩ Leu Ϫ recipient strain was then transformed with a BanII-XbaI digest of each pKK655 derivative plasmid containing a different cdc42 allele. Transformants were selected on SC-Leu medium. To identify homologous recombinants in which cdc42::HIS3 was replaced by cdc42::LEU2, Leu ϩ His Ϫ diploids were identified by replica plating Leu ϩ transformants on SC-His medium. To verify integration of a directed cdc42 mutation linked to the LEU2 marker at the CDC42 locus, Leu ϩ His Ϫ diploids were screened by PCR with the use of primer A and the internal LEU2 primer B (5ЈGTACCACCGAAGTCGGTGATGCTG3Ј) ( Figure  1C ). With the use of the diagnostic restriction site that marks each mutation, restriction endonuclease digestion of the PCR product confirmed the presence of each mutation at the appropriate site. To derive cdc42 haploid strains, two or more heterozygotes from each transformation were sporulated. The progeny of 8 -24 tetrads per heterozygote were dissected and scored for growth as well as for the 2:2 segregation of auxotrophic markers. As a final verification of integration, Leu ϩ haploids were screened by PCR with the use of primer pairs A/B and C (5ЈCTTGACCAACGTGGTCACC3Ј)/D. As described above, restriction endonuclease digestion of the PCR product generated with primers A and B confirmed the presence of a site-directed cdc42 mutation.
Phenotypic Analyses
In each analysis for each cdc42 allele, at least two strains derived from independent transformants were examined. To analyze growth, cdc42 strains were plated onto YPD or YPD supplemented with 0.9 M NaCl, 0.9 M KCl, 1.3 M sorbitol, or 3% (vol/vol) formamide (SuperPure grade; Fisher Scientific, Santa Clara, CA). In the case of recessive lethal alleles, diploids were sporulated and the tetrad progeny were dissected onto the plates described above. Plates were incubated at 25, 30, 34, and 37°C for 3 d, at 20°C for 4 d, and at 11 and 14°C for 14 d. YPG (rich medium with 3% glycerol as the sole carbon source) plates were used to test strains for impaired mitochondrial function (Sherman et al., 1986) .
To assess cellular morphology, log-phase cultures were examined by phase-contrast microscopy. To determine the terminal morphologies of conditional-lethal strains, log-phase cultures grown at 25°C were divided into two equal aliquots. One aliquot was maintained at 25°C and the other aliquot was shifted to a nonpermissive temperature, 14 or 37°C. At varying times during log-phase growth, aliquots were fixed in 4% formaldehyde. Before microscopic examination, each aliquot was sonicated briefly. For all morphological analyses, 200 -300 cells were scored.
Peptide Antibody Production
A peptide corresponding to residues 130 -145 of S. cerevisiae Cdc42p (see Figure 3A) was synthesized by Dr. David King (University of K.G. Kozminski et al. California, Berkeley) . To cross-link peptide to carrier protein, 4 mg of peptide and 4 mg of rabbit serum albumin (Sigma Chemical, St. Louis, MO) were dissolved in 120 l of 0.2 M triethanolamine-HCl, pH 8.0, in a 0.3-ml Wheaton V-vial (VWR, San Francisco, CA). Three milligrams of dimethyl-suberimidate (Sigma Chemical) were dissolved in 50 l of the same buffer and added immediately to the peptide/carrier protein solution. The solution was stirred at room temperature for 3 h. To remove free peptide and cross-linker, the solution was dialyzed in No. 7 Spectra/Por (MWCO 1000) tubing (VWR) against 2 l of water overnight at 4°C. The dialysate was divided into aliquots and stored frozen at Ϫ20°C. The protein concentration of the dialysate was determined by the Bradford assay (Bio-Rad, Hercules, CA) with BSA as a standard. Figure 1C . b Growth phenotype of haploid cells on YPD plates at 11, 14, 20, 25, 30, 34, and 37°C . The permissive temperature range is indicated in parentheses. Relevant genotype is cdc42ϺLEU2 ϩ ura3-52 leu2-3,112 his3⌬200 lys2-801am. c Growth phenotype of haploid cells on YPD plates containing 3% (v/v) formamide. d Diagnostic restriction site added during site-directed mutagenesis to mark mutation. (Ϫ) denotes loss of the restriction site. e The DDY strain number is listed for each allele of CDC42 in a MATa ura3-52 leu2-3,112 his3⌬200 lys2-801am strain. The background of each strain is S288C. Isogenic MAT␣ haploids are designated by the next ascending odd strain number (not shown). For recessive lethal cdc42 alleles, the listed strain number is for a diploid strain with the relevant genotype MATa/ MAT␣, cdc42/CDC42, 112, his3⌬200/his3⌬200, . f Allele isolated by Adams et al. (1990) . Strain congenic with all other strains in this study, except LEU2 ϩ is at LEU2 and unlinked to cdc42-1. g Mutation may be dominant lethal. Only one heterozygote recovered. h See Miller and Johnson (1997) .
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Vol. 11, January 2000New Zealand White rabbits were injected subcutaneously with 250 g of peptide-carrier conjugate emulsified with 0.25 ml of Freund's complete adjuvant (Sigma Chemical). Booster injections containing 100 g of conjugate mixed with Freund's incomplete adjuvant (Sigma Chemical) were administered every 3 wk after the initial injection. Bleeds were collected 2 wk after each boost, starting at wk 8, and screened for immunoreactivity against baculovirus-expressed S. cerevisiae GST-Cdc42p and Cdc42p in yeast whole cell lysates. Immunoreactivity against Cdc42p was first detected in the lysates at wk 17. Exsanguination occurred at wk 26.
To affinity purify the peptide antibody, a peptide column was prepared. Reacti-Gel 6X (Pierce, Rockford, IL) was washed rapidly with 0.1 M borate buffer, pH 8.8, by gentle vacuum filtration. The gel slurry was collected in a microfuge tube, and 150 l of borate buffer containing 5 mg of peptide was added. The peptide was incubated with the gel for 48 h at room temperature with gentle rocking. To block unreacted functional groups, the gel was washed with 0.1 M Tris-Cl, pH 8.5, and incubated for 1 h at room temperature with the same buffer. Tris-Cl was then removed by sequential washes with PBS. A 1-ml column was prepared and washed successively by gravity feed with 15 ml of 6 M guanidineHCl; 25 ml of 50 mM Tris-Cl, pH 7.4 (buffer A); 25 ml of buffer B (buffer A with 4.5 M MgCl 2 , 1 mg/ml BSA); and 50 ml of buffer A. Fifty milliliters of serum (wk 26) pooled equally from two rabbits was cleared by centrifugation (5 min, 15,000 ϫ g) and recirculated through the column for 10 h at room temperature. The column was then washed successively with 20 ml of buffer A; 40 ml of buffer A plus 1 M guanidine-Cl; and then 20 ml of buffer A. Antibody was eluted with buffer B and collected in 10 1-ml fractions. To assay for antibody in the eluate fractions, 1 l of each fraction was diluted 1:10 in PBS and spotted onto nitrocellulose, which was then processed as a standard immunoblot. Fractions containing antibody were pooled and dialyzed against 1 l of PBS at room temperature for 3 h, followed by a second dialysis for 12 h at 4°C against 1 l of PBS containing 35% glycerol. The dialysate was divided into aliquots, frozen in N 2 (liquid), and stored at Ϫ80°C.
Microscopy
For indirect double-label immunofluorescence microscopy, cells were prepared as described by Ayscough and Drubin (1998) , except the methanol/acetone permeabilization step was replaced by the addition of 6 l of 0.05% SDS in PBS to each sample well for exactly 5 min. Affinity-purified rabbit anti-yeast Cdc42 peptide antibody and guinea pig anti-actin antibody (Mulholland et al., 1994) were diluted 1:1300 and 1:2000, respectively, in PBS containing 1 mg/ml BSA. Cells were observed with epifluorescence with a Zeiss (Thornwood, NY) Axiovert microscope equipped with a 100X/1.3 PlanNeofluar objective. Images were captured with the use of a Sony charge-coupled device camera and Northern Exposure software (Phase 3 Imaging Systems, Philadelphia, PA). For differential interference-contrast images of yeast, 0.5-1 ml of log-phase culture was briefly microfuged and resuspended in 25 l of glucose-free minimal medium. The cells were examined immediately with a TE300 microscope (Nikon, Melville, NY) equipped with a 100X/1.4 PlanApo objective and a 1.4 numerical aperture condenser. Digital images were acquired with a bottom-ported Orca 100 charge-coupled device camera (Hamamatsu, Bridgewater, NJ) and Phase 3 Imaging Systems software. Image processing consisted of background subtraction and spatial filtering with a HiGauss 7 ϫ 7 kernel convolution filter.
Intragenic Complementation Analysis
Each cdc42 ts allele in a MATa lys2 strain (see Table 1 ) was mated for 6 h on YPD plates at 25°C to each cdc42 ts allele in a congenic MAT␣ ade2 strain (CDC42, DDY1601; cdc42-1, DDY1602; cdc42-101, DDY1603; cdc42-118, DDY1604; cdc42-123, DDY1605; cdc42-124, DDY1606; cdc42-129, DDY1607) . Diploids were selected as single colonies on SC-Lys/Ade plates. Complementation was tested on YPD plates at 25, 30, 34, and 37°C (3 d) and scored positive if (a) a diploid that is heterozygous at the CDC42 locus grew at temperatures that are restrictive for diploids homozygous for that cdc42 allele present in the heterozygote; (b) a reciprocal pairwise cross yielded the same result; and (c) no reversion of the original TsϪ phenotype was detected among the haploid progeny of each heterozygote.
Overexpression of Cdc42p Effectors
To determine whether overexpression of different Cdc42p effectors can suppress the growth defects of specific cdc42 ts alleles, galactoseinducible effector expression constructs were made. The coding and 3Ј genomic sequences of CLA4 (Cvrcková et al., 1995) and SKM1 (Martín et al., 1997) were subcloned as BglII-XbaI fragments from pMJS37 and pMJS30 (both gifts of M. Shulewitz and Dr. J. Thorner, University of California, Berkeley), respectively, into the BamHI and XbaI sites of pRB1438 (pDD42) (a gift of Dr. D. Botstein, Stanford University, Palo Alto, CA), a pRS316 (Sikorski and Hieter, 1989) vector containing a GAL1/10 promoter (Johnston and Davis, 1984) , forming pGAL-CLA4 (pKK842) and pGAL-SKM1 (pKK848), respectively. pCC1209 and pCC1210 are pRS316-derived plasmids in which the GAL1/10 promoter is fused to GIC1 and GIC2 (Brown et al., 1997; Chen et al., 1997) , respectively, and were the gifts of Drs. G. Chen and C. Chan (University of Texas, Austin). pGAL-STE20 was described previously (Peter et al., 1996) .
The galactose-inducible overexpression plasmids were transformed into each MATa cdc42 ts strain (Table 1) . To reduce background variability, each strain was grown from a single colony, prepared for transformation, and divided into individual transformation reactions. Four single colonies were picked from each SCUra transformation plate. A single colony derived from each independent transformant was picked and restruck to single colonies on SC-Ura plates and SC-Ura plates containing 2% galactose and 2% raffinose as the sole carbon source. The plates were first incubated at 25°C for 12 h to allow for galactose induction and then were shifted to 37°C for 6 d. Cold-sensitive strains were shifted to 14°C for 14 d, and a set of control plates was maintained at 25°C. To determine if growth at restrictive temperatures was plasmid dependent, the experiment was repeated with cells that were first grown on SC medium containing 0.5 mg/ml 5-FOA (U.S. Biological, Swampscott, MA), which counterselects URA3-marked plasmids (Boeke et al., 1984) .
Cell Extracts, SDS-PAGE, and Immunoblots
Yeast whole cell lysates were prepared as described by Belmont and Drubin (1998) . A total of 0.15 OD 600 units were loaded per lane of a 13% polyacrylamide gel prepared for SDS-PAGE (Laemmli, 1970) . The gel was electrotransferred to a BA83 Protran membrane (Schleicher & Schuell, Keene, NH) for 30 min at 60 V and probed as described previously (Kozminski et al., 1993) , except that the Trisbuffered saline (TBS) washes included 0.1% (vol/vol) Tween 20 (Sigma Chemical). Affinity-purified rabbit anti-Cdc42 peptide antibody was diluted to 1:500 in TBS ϩ 0.1% Tween 20 (TBST) and incubated in the same buffer for 24 h at room temperature. To block the Cdc42 peptide antibody, affinity-purified Cdc42 antibody was diluted 100-fold into 1 ml of TBS and incubated overnight at 4°C with 1 mg of the Cdc42 peptide used as an immunogen. Rabbit anti-yeast ␤-tubulin antibody 206 (Bond et al., 1986) was diluted 1:20,000 in TBST. HRP-conjugated anti-rabbit secondary antibody (Amersham, Arlington Heights, IL) was diluted 1:5,000 in TBST and incubated for 45 min at room temperature. The blot was developed by ECL (Amersham). A dilution series of whole cell extract verified signal linearity.
Cdc42p Expression and Purification
To overexpress Cdc42p in yeast, DDY757 112 ura3-1 trp1-1 can1-100; from A. Sachs, University of California, Berkeley) was transformed with pGAL10-CDC42 (Miller and Johnson, 1994) to make DDY1245. To induce gene expression, log-phase cultures were washed into rich medium containing 2% (wt/vol) raffinose as the sole carbon source. Galactose was added to 2% (wt/vol) 12 h later; incubation then continued for another 8 h at 25°C before the cells were harvested.
To express Cdc42p⌬C in Escherichia coli, the coding sequence for residues 1-183 was amplified by PCR from a pKK294 template. The fragment was subcloned into the NcoI (blunted with Mung Bean nuclease) and HindIII polylinker sites of pBAT4 (Peränen et al., 1996) , forming pKK703, and sequenced for accuracy. BL21(DE3) cells were transformed, induced, and lysed as described by Lappalainen et al. (1997) . Because the expressed protein was insoluble, inclusion bodies were isolated from cell lysates by centrifugation at 21,000 ϫ g for 30 min at 4°C. The pellet was resuspended in buffer (20 mM Tris-Cl, pH 7.5, 0.2 mM PMSF, 0.5% [vol/vol] Triton X-100), incubated on ice for 30 min, and pelleted again. Inclusion body pellets were stored at Ϫ20°C.
Baculovirus-expressed GST-Cdc42p (Zheng et al., 1994) was enriched from infected Sf9 cells with the use of glutathione-agarose beads (Sigma Chemical), as described by Ausubel et al. (1994) .
RESULTS
Directed Mutagenesis of CDC42 Yields a Collection of Mutants with Diverse Phenotypes
Site-directed mutagenesis of CDC42 was used to generate mutants defective in different Cdc42p-protein interactions. One set of mutations was made in the switch I region of Cdc42p Functions In Vivo Vol. 11, January 2000 Cdc42p (residues 32-40; Figure 1A , Table 1 ). Residues Y32, T35, V36, F37, and Y40 in switch I were mutated individually to amino acids that elicit a mutant phenotype when introduced into the same sequence position of Ras or Rho (Sigal et al., 1986; Adari et al., 1988; Calés et al., 1988; Self et al., 1993; Nonaka et al., 1995) . For switch I residues V33, D38, and N39, no previous data suggested a substitute residue. Thus, alanine replaced the target residue, removing the potentially interactive side chain. Because the switch I region is highly conserved among the six Rho proteins in S. cerevisiae ( Figure 1B) and because no structural model existed for any Rho family member at the inception of this study, a second set of mutations was made by "alanine scanning mutagenesis" (e.g., Wertman et al., 1992) . Clustered charged residues have the highest probability of protein surface exposure and intermolecular contact (Chothia, 1976) ; therefore, in a sliding window of approximately six amino acids along the length of Cdc42p, groups of one to four charged residues were replaced with alanine ( Figure 1A ). In total, 37 cdc42 alleles were created by site-directed mutagenesis.
Multiple heterozygous diploids (cdc42/CDC42) were recovered for each of the 37 site-directed cdc42 alleles (Table 1) , except for cdc42-115 D57A , which, consistent with a previous report (Stowers et al., 1995) , strongly suggests that D57A is a dominant-negative mutation. Although none of the heterozygous recombinants displayed growth defects on rich medium, two heterozygous recombinants (cdc42-116 E62A,D63A /CDC42 and cdc42-117 D65A,R66A,R68A /CDC42) displayed elongate cell morphologies as a dominant phenotype.
To identify recessive growth phenotypes, the haploid progeny of each heterozygote were examined for growth on various media (Table 1) . Nine of the 37 cdc42 alleles conferred haploid lethality, and 8 alleles conferred temperature-conditional lethality on rich medium. Two of 8 temperature-conditional strains (cdc42-117 D65A,R66A,R68A and cdc42-126
Y32K
) exhibited slow growth even at 25°C. cdc42 haploid strains were also screened for sensitivity to formamide, a membrane-permeant and metabolically inert molecule known to weaken proteinprotein interactions by destabilizing noncovalent bonds (Aguilera, 1994) . Formamide affected the growth of 15 mutants. Eight cdc42 alleles were found to confer formamide sensitivity at 25°C (Table 1) ; seven others showed enhanced temperaturesensitivity in formamide ( , and cdc42-129 V36T at 37°C. Suppression with 0.9 M KCl at 37°C was restricted to cdc42-1 and cdc42-101
K5A
. These results demonstrate that the phenotypes conferred by the site-directed cdc42 mutations are not equivalent and that the cdc42 mutations have different effects on cell physiology.
Relating Cdc42p Function to Structure
During the course of this study, several structural models of human Cdc42p were solved (Feltham et al., 1997; Rittinger et al., 1997; Nassar et al., 1998) . Based on the sequence identity (80%) between human and S. cerevisiae Cdc42p and the ability of human Cdc42p to replace S. cerevisiae Cdc42p in vivo (Munemitsu et al., 1990; Shinjo et al., 1990) , we felt justified in mapping the mutations generated in this study and the functional defects associated with each onto a structural model of human Cdc42p (Figure 2 ). As validation of our strategy for targeting surface-exposed residues, only four mutations affected residues (K16, D57, R68, and D76) that were not fully exposed on the surface of Cdc42p. In some cases, mutations that confer the same phenotype are clustered on the surface of Cdc42p. For example, mutations Figure 2 . Space-filling model of human Cdc42p (GDP bound) shown in three different orientations (Brookhaven Protein Database accession number 1AN0). Colored residues correspond to an equivalent S. cerevisiae Cdc42p residue that was mutated in this study (see Figure 1A) . When integrated into the S. cerevisiae genome, the mutations conferred lethality (red residues), temperature sensitivity (orange residues), cold sensitivity (blue residues), or both cold and temperature sensitivity (pink residues) to cells grown on rich medium. Mutations that did not confer a growth defect are colored green. GDP is colored gray. Some mutated residues are indicated by the corresponding allele number. K.G. Kozminski et al. that confer only cold sensitivity (Figure 2A , blue residues) are found exclusively in the switch II region, and mutations that confer both cold and temperature sensitivity (Figure 2A , pink residues) are found exclusively in the switch I region. This clustering suggests that mutations in these regions of Cdc42p perturb a common Cdc42p function or interaction with another protein. This interpretation is supported by the cytological examination of the defects caused by these mutations (see below).
Most striking is the distribution of the lethal and conditional-lethal mutations on the surface of Cdc42p versus the mutations that did not confer a growth phenotype. Mutations that confer a growth defect can be separated into one of two distinct hemispheres on the surface of Cdc42p (Figure 2, A and B, respectively) . These hemispheres are separated by a broad meridian of uncharged residues ( Figure 2C ) on one side and "wild-type" residues (i.e., charged residues that when mutated have no growth defect on rich medium [ Figure 2B , green residues]) on the other. Growth defects resulting from mutations in the first hemisphere ( Figure 2A) were expected because the guanine nucleotide-binding pocket, switch I region, and switch II region are found therein. Several mutations that confer temperature sensitivity in the presence of formamide (cdc42-119 E100A , cdc42-120 E91A,K94A,E95A,K96A , and cdc42-140 H102A,H103A,H104A ) also map within this hemisphere to a region adjacent to switch II (Figure 2A , green residues behind and left of switch II). Figure 2B ) suggests the presence of an additional binding surface on Cdc42p.
This additional binding surface may be formed in part by the Rho-insert region, a 13-amino acid region (see Figure 2A and right circled region in Figure 2C ) that is unique to proteins within the Rho family of the Ras superfamily (Valencia et al., 1991) . To determine which of the residues in the Rho-insert region are required for growth, four alleles (cdc42-136 R120A , cdc42-137 D121A , cdc42-138 D122A , and cdc42-139 K123A ) were constructed with only one residue mutated per allele. None of the four alleles phenocopied the recessive lethality of cdc42-135 R120A,D121A,D122A,K123A under like conditions, indicating that no one residue within this cluster is essential for growth.
To determine whether the growth defects associated with each CDC42 allele are attributable to aberrant Cdc42p levels, we raised a polyclonal antibody against a peptide within a region of Cdc42p ( Figure 3A , boldface sequence) that is not conserved among the other five Rho proteins in S. cerevisiae. Immunoblots of whole cell lysates of E. coli expressing S. cerevisiae Cdc42p and wild-type yeast show that affinitypurified anti-Cdc42 peptide antibody recognizes a polypeptide of ϳ22 kDa, the predicted molecular mass of Cdc42p ( Figure 3B ). An unidentified polypeptide of ϳ48 kDa is also recognized by the anti-Cdc42 peptide antibody. As expected for Cdc42p, the 22-kDa polypeptide is nearly undetectable in lysates of cdc42-1 cells, which are known to have dramatically reduced Cdc42p levels compared with wild-type strains (Ziman et al., 1991) . Conversely, upon galactoseinduced overexpression of Cdc42p in yeast, the amount of the 22-kDa polypeptide in a yeast whole cell lysate is greater ( Figure 3C , right lane) than that detected in lysates of yeast cells expressing vector alone ( Figure 3C , left lane) or in uninduced cells, indicating that the peptide antibody recognizes Cdc42p in yeast whole cell lysates. Of the temperatureconditional-lethal haploid cdc42 strains, none displayed aberrant Cdc42p levels at the permissive temperature or upon shift to a restrictive temperature ( Figure 3D , top row) for a period of time known to be sufficient to elicit a terminal phenotype (Table 2 ) confer reduced Cdc42p levels with respect to a wild-type control strain at 25°C ( Figure 3D , bottom row). Of these three alleles, only cdc42-109 E140A contains a mutation within the Cdc42 peptide that was used as an immunogen. Therefore, the reduced Cdc42p levels conferred by cdc42-108 R147A,E148A,K150A and cdc42-121 D170A,E171A are not likely due to reduced antibody avidity. Thus far, cdc42-108 R147A,E148A,K150A is phenotypically indistinguishable from the wild type, indicating that Cdc42p is present in cells at a level beyond that required for normal vegetative growth. The lack of correlation between Cdc42p levels and the phenotypes of the mutant strains indicates that the observed phenotypes are not due to altered Cdc42p levels but result from defective Cdc42p-protein interactions.
Phenotypic Evidence for Novel cdc42 Functions
Microscopic examination of each cdc42 haploid strain revealed even greater phenotypic diversity than was found in the initial analysis of growth. At 25°C, a temperature permissive for growth, several cdc42 haploid strains exhibited aberrant morphologies that can be grouped into three categories: elliptical cells, cells with elongate buds, and cells of heterogenous size and shape. One hundred percent of the cdc42-102 D11A and cdc42-116 E62A,D63A haploids possessed an elliptical morphology, as opposed to the spherical morphology characteristic of wild-type haploids (Figure 4 ). This phenotype was more pronounced in the cdc42-117 D65A,R66A,R68A strain, in which 100% of the cells were elongate and larger than wild-type cells (Figure 4) , and cdc42-131 N39A strains represent novel cdc42 phenotypes and suggest the disruption of novel Cdc42p functions.
Fluorescence microscopy was used to assess the distribution of Cdc42p, the actin cytoskeleton, and the nucleus in each cdc42 haploid strain grown in log phase at 25°C. In wild-type yeast, the anti-Cdc42 antibody recognizes an epitope at the incipient bud site and at the tips of nascent buds ( Figure 5A, left) , which is consistent with previously reported Cdc42p localization patterns (Ziman et al., 1993) . Compared with wild-type cells ( Figure 5A, left) , the intensity of Cdc42p staining is greatly reduced in cdc42-1 cells ( Figure 5A , right) and greatly increased in cells overexpressing Cdc42p (Figure 5B, right) . Because the intensity of fluorescence in a given strain ( Figure 5 ) correlated with the amount of Cdc42p (i.e., the 22-kDa polypeptide) in whole cell lysates of the same strain (Figure 3 , B and C), we conclude that the anti-Cdc42 peptide antibody is specific for Cdc42p in cells prepared for immunofluorescence microsCdc42p Functions In Vivo Vol. 11, January 2000copy. The same anti-Cdc42 peptide antibody revealed that Cdc42p localizes in each cdc42 strain grown at 25°C with the same distribution described for wild-type cells, although the intensity of staining varied among the cdc42 strains. Compared with wild-type cells, the intensity of Cdc42p staining was less in cdc42-119 E100A , cdc42-121 D170A,E171A , and cdc42-137 D121A strains and was almost undetectable in cdc42-124 K183A,K184A,K186A,K187A . Polarization of the actin cytoskeleton before budding and the fidelity of nuclear segregation were also comparable to those in wild-type cells in all but two cdc42 strains grown at 25°C. In cdc42-123 R163A,K166A and cdc42-129 V36T cultures, the number of unbudded cells with a polarized actin cytoskeleton as a percentage of the total number of unbudded cells was 73% (n ϭ 259) and 87% (n ϭ 111), respectively. In contrast, in log-phase wild-type cultures or in cultures of the other temperature-sensitive strains at 25°C, only 39 -48% (n ϭ 200 -259) of the total number of unbudded cells possessed a polarized actin cytoskeleton. In addition, 12 and 24% of the unbudded cells in cdc42-123 R163A,K166A and cdc42-129 V36T cultures, respectively, were multinucleate at 25°C. These results strongly suggest that cdc42-123 R163A,K166A and cdc42-129 V36T confer a unique cdc42 phenotype, a delay in budding after the polarization of the actin cytoskeleton to the incipient bud site.
Microscopic examination of the cdc42 ts strains at 37°C, a temperature restrictive for growth, revealed additional phenotypic evidence for novel Cdc42p functions. After a shift from 25 to 37°C for 6 h, the cdc42-101
cdc42-123
R163A,K166A , and cdc42-124
strains displayed a large unbudded arrest (Figures 4 and 6 , D-F), a loss of Cdc42p localization ( Figure 6D ; cdc42-118
D76A
shown as an example), and a depolarized actin cytoskeleton An allele number is used to identify each cdc42 strain tested. WT denotes the wild-type strain DDY1300. Temperature-sensitive cdc42 strains were grown at 25 or 37°C for 8 h. Cold-sensitive cdc42 strains were grown at 25 or 14°C for 18 h. Non-temperature-conditional-lethal cdc42 strains were grown at 25°C.
( Figure 6E ), phenocopying the terminal arrest phenotype of cdc42-1 strains (Table 2 and Adams et al., 1990) . At 37°C, cdc42-101 K5A and cdc42-118 D76A strains arrested as early as the first cell cycle. At 2 h after the shift to 37°C, 73 and 84% (n ϭ 200) of the cells in cdc42-101 K5A and cdc42-118 D76A cultures, respectively, were unbudded, compared with 46% in a wild-type culture. cdc42-129 V36T cells, however, displayed a much different terminal phenotype at 37°C. At 6 h after the shift, the cdc42-129 V36T culture contained a mixed population of cells: 39% were unbudded and 55% were severely misshapen, clumped, and/or convoluted, often containing one or more elongate buds (Table 2 and Figure 4) . Fluorescence microscopy of cdc42-129
V36T cells incubated at 37°C for 6 h revealed that, as at 25°C, many of the unbudded cells were multinucleate (see above); in budded cells, however, nuclear segregation appeared normal ( Figure 6I ). At 37°C, Cdc42p in cdc42-129 V36T cells is localized at incipient bud sites and to the bud tip ( Figure 6G ), along with the actin cytoskeleton ( Figure 6H ). This distribution of Cdc42p and actin suggests that one defect in cdc42-129 V36T cells is an inability to make a developmental switch from polarized to isotropic bud growth.
Evidence for Distinct Separable Cdc42p Functions
Phenotypic heterogeneity within the cdc42 collection suggested that the cdc42 alleles are defective in different functions. Identification of two cdc42 intragenic complementation groups supports this hypothesis (Table 3) .
cdc42-101
K5A , cdc42-118 D76A , cdc42-123 R163A,K166A , and cdc42-124 K183A,K184A,K186A,K187A form one complementation group; these alleles failed to complement each other and therefore are defective in at least one common essential Cdc42p function. cdc42-129
V36T did complement cdc42-101 K5A , cdc42-118 D76A , cdc42-123 R163A,K166A , and cdc42-124 K183A,K184A,K186A,K187A and is the sole member of the second complementation group. cdc42-1 did not complement any cdc42 ts allele at any temperature, suggesting that this allele has pleiotrophic effects. The two observed complementation groups correspond, respectively, to the two main morphological groups found at restrictive temperatures (large unbudded cells and cells with elongated buds), supporting the idea that the two morphological groups are due to defects in different Cdc42p-protein interactions.
Although cdc42-101
, and cdc42-124 K183A,K184A,K186A,K187A mutants arrest as large unbudded cells at restrictive temperatures and constitute a single complementation group, these strains nevertheless differ phenotypically (e.g., differential suppression of growth defects with osmotic support; see above). Therefore, it is unlikely that these strains are solely defective in the same essential Cdc42p-dependent function. To demonstrate that these strains possess diverse cdc42 defects, we overexpressed individually five known effectors of S. cerevisiae Cdc42p and tested for suppression of the temperature-sensitive growth defect at 37°C (Table  4 ). The growth defect conferred by cdc42-101 K5A at 37°C was suppressed by the galactose-induced overexpression of GIC1, a gene known to play a role in cytoskeletal polarization, but not by its close relative GIC2 or any other Cdc42p effector tested (Brown et al., 1997; Chen et al., 1997) . The growth defect conferred by cdc42-118 D76A at 37°C was suppressed by the overexpression of STE20, a serine/threonine kinase of the PAK family (Peter et al., 1996; Leberer et al., 1997) known to be involved in cytoskeletal regulation (Eby et al., 1998 , was only weakly suppressed at 37°C by the overexpression of the PAK family kinases CLA4 (Cvrcková et al., 1995) and SKM1 (Martín et al., 1997) , although CLA4 overexpression can suppress the 
DISCUSSION
Separation-of-function alleles are required to enumerate the Cdc42-dependent steps in morphogenesis/cell division and to determine whether one or more Cdc42p-protein interactions are required for each step. Four lines of evidence presented in this study reveal novel roles for Cdc42p and show that bud formation involves multiple essential Cdc42p interactions. First, cdc42 mutants show a diversity of morphological defects. Second, cdc42 ts mutants fall into two intragenic complementation groups. Third, genes encoding Cdc42p effectors confer allele-specific dosage suppression of cdc42 conditional-lethal mutants. Fourth, four cdc42 mutants that arrest as large unbudded cells under restrictive conditions show differential suppression of growth defects on different media.
The elongate buds observed in one cdc42 complementation group (i.e., cdc42-129 V36T ) suggest that one distinct function of Cdc42p is to facilitate the developmental switch from polarized to isotropic bud growth during G2 of the cell cycle. During this switch, the cortical actin cytoskeleton, which is localized to regions of active cell growth (Adams and Pringle, 1984) , must be redistributed from the bud tip to the circumference of the bud. Because overexpression of constitutively active Cdc42p (G12V or Q61L) is known to result in elongate buds (Ziman et al., 1991) , it is possible that Cdc42p is not properly down-regulated in cdc42-129 V36T cells during G2. The recessive nature of cdc42-129 V36T , however, suggests a loss rather than a gain of Cdc42p function; i.e., cdc42-129 V36T cells may have lost the ability to generate a signal that promotes the redistribution of the actin cytoskeleton in G2. The Cdc42p-dependent activation of the kinase Gin4p via the Cdc42p effector Cla4p is required for the switch from apical to isotropic bud growth (Tjandra et al., 1998) . Several lines of evidence suggest that the hyperpolarized bud growth observed in cdc42-129 V36T cells is due to a defect in this pathway. First, defects in Cla4p and Gin4p function phenocopy the morphology of cdc42-129 V36T cells. Specifically, gin4⌬ in a Clb2p-dependent background (Altman and Kellogg, 1997), cla4⌬, and cla4 ts (Cvrcková et al., 1995; Tjandra et al., 1998; Weiss and Drubin, unpublished results) all confer elongate buds. Second, the growth defect associated with cdc42-129 V36T at 14°C is specifically suppressed by the overexpression of CLA4. Third, Gin4p kinase activity is reduced in cdc42-129 V36T cells (Tjandra and Kellogg, personal communication) . Thus, the product encoded by cdc42-129
V36T is predicted to be defective in its interaction with Cla4p.
Mutations in the switch II region of Cdc42p also confer a defect in morphogenesis; however, in contrast to the recessive cdc42-129 V36T allele, cdc42-116 E62A,D63A and cdc42-117 D65A,R66A,R68A are dominant for their morphological phenotypes. Recent modeling of a human Cdc42p-GTPaseactivating protein (GAP) complex indicates that E62 and D63 of the Cdc42p switch II region are in contact with a GAP (Rittinger et al., 1997; Nassar et al., 1998) . In S. cerevisiae, failure to properly interact with one or more of the Cdc42-GAPs (i.e., Bem3p, Rga1p, and Rga2p) may be the cause of the elongate morphology and cold sensitivity conferred by cdc42-116 E62A,D63A and cdc42-117 D65A,R66A,R68A . Similar morphologies are observed in S. cerevisiae when the known Cdc42-GAPs suffer a concomitant loss of function (Smith and Sprague, personal communication), strongly supporting the idea that cdc42-116 E62A,D63A and cdc42-117
are defective in GAP binding.
The structural model of the human Cdc42p-GAP complex also shows an intramolecular hydrogen bond between D76, which is just C terminal to switch II, and R187 (K in S. cerevisiae) , which is in the C-terminal polybasic region of Cdc42p . This interaction is predicted to stabilize the C terminus of Cdc42p for its interaction with the GAP. Consistent with this model, both cdc42-118 D76A and cdc42-124 K183A,K184A,K186A,K187A share the same terminal phenotype, which is the expected result if both mutations cause a defect in the same interaction. However, the phenotype of large, unbudded, multinucleate cells with a depolarized actin cytoskeleton at 37°C is itself inconsistent with impaired GAP-stimulated GTP hydrolysis, which would be expected to confer a more highly polarized (elongate) morphology, as observed with cdc42-116 E62A,D63A and cdc42-117 D65A,R66A,R68A cells (see above) or with cells overexpressing constitutively active CDC42 (Ziman et al., 1991; Davis et al., 1998) . Therefore, if D76 does indeed stabilize the C terminus in vivo, it may be to promote the interaction of the C terminus with proteins that down-regulate Cdc42p activity (e.g., GDI) and/or effectors of Cdc42p (e.g., Ste20p).
The Rho-insert region may also stabilize intermolecular contacts. Structural (Feltham et al., 1997) and biochemical (McCallum et al., 1996) studies suggest that the Rho-insert region of Cdc42p (residues 122-134) is a secondary binding site or "footrest" for effectors that bind to switch I. The Rho-insert region clearly has a role because deletion of this region abolishes the transforming activity of a mutant human Cdc42p (F28L) (Wu et al., 1998) . As demonstrated with Rac (Joseph and Pick, 1995; Freeman et al., 1996; Wei et al., 1997) , this region may be important for target specificity. Even though one allele (cdc42-135 R120A,D121A,D122A,K123A ) consisting of mutations within the insert region resulted in a growth defect, supporting recent observations that this region of Cdc42p is functionally important, no other mutations Figure 3C , probed with affinity-purified anti-Cdc42 peptide antibody. The scale is the same as in A.
(i.e., cdc42-105 E127A,K128A and cdc42-107 R131A,R133A,R135A ) yielded a functional defect. This observation suggests that only part of the Rho-insert region in Cdc42p is important for functional interactions.
Overlapping the Rho-insert region on the face of Cdc42p opposite switch I and switch II, a putative binding region ( Figure 2B ) is defined by cdc42-135 R120A,D121A,D122A,K123A and by the conditional-lethal alleles cdc42-121
and cdc42-123 R163A,K166A . Although the residues mutated in the recessive-lethal allele cdc42-125 K153A,E156A are located in this region as well, these residues are part of a conserved GTP-binding/hydrolysis domain. Therefore, the lethality associated with cdc42-125 K153A,E156A , as well as that of cdc42-111 K16A , cdc42-115 D57A , and cdc42-134 D118A , is more likely to be the result of defective nucleotide binding/hydrolysis than defective Cdc42p-protein interactions. The residues mutated in both cdc42-121 D170A,E171A and cdc42-123 R163A,K166A are part of the C-terminal ␣5-helix. In support of our functional mapping data, which suggest that this region forms an additional intermolecular contact site and contributes to the specificity of Cdc42p interactions in vivo, recent nuclear magnetic resonance data show contact between the ␣5-helix of human Cdc42p and the CRIB (Cdc42/ Rac interactive binding) motif-containing GTPase-binding domains of WASP (Abdul-Manan et al., 1999) , PAK (Guo et al., 1998; Stevens et al., 1999) , and ACK tyrosine kinase (Mott et al., 1999) . These structural data suggest that the ␣5-helix of Cdc42p is a specificity determinant (Guo et al., 1998; AbdulManan et al., 1999; Mott et al., 1999) . Consistent with our in vivo data demonstrating a loss of function when K166 is Figure 6 . Fluorescence images of wild-type (CDC42; DDY1300; top row), cdc42-118 D76A (DDY1326), and cdc42-129 V36T (DDY1344) cells shifted from 25 to 37°C for 6 h and probed with affinity-purified Cdc42 peptide antibody (left column), affinity-purified anti-actin antibody (middle column), or DAPI for DNA (right column). mutated to alanine, the Cdc42p-ACK solution structure shows P513 of ACK tyrosine kinase packed against K166 of human Cdc42p (Mott et al., 1999) . Of particular relevance to cdc42-121 D170A,E171A , the Cdc42p-WASP solution structure shows hydrogen bonding between E171 of Cdc42p and K235 of WASP (Abdul-Manan et al., 1999) . Although it is tempting to speculate that the growth defect conferred by cdc42-121 D170A,E171A is due to a defective Cdc42p interaction with the yeast homologue of WASP, Las17p, no CRIB motif exists in Las17p (Burbelo et al., 1995) , making a similar binding interaction unlikely. Therefore, in S. cerevisiae at least, the Cdc42p ␣5-helix may serve as a site of intermolecular contact and as a specificity determinant for Cdc42p effectors, other than Las17p, that contain a CRIB motif.
The extensiveness of our analyses in vivo and the recent availability of Cdc42p structural models (Feltham et al., 1997; Rittinger et al., 1997; Nassar et al., 1998) have provided an opportunity to relate Cdc42p function to structure. Although studies of Ras established a paradigm for relating the structure of a small GTP-binding protein to function (Bourne et al., 1991; Valencia et al., 1991; Zerial and Huber, 1995; Campbell et al., 1998) , distinct differences have been shown between the structure-function relationships of Ras and Rho proteins (Valencia et al., 1991; Ziman et al., 1991; Self et al., 1993; Xu et al., 1994; Joseph and Pick, 1995; Li and Zheng, 1997; Hoffman et al., 1998) . Therefore, Ras models cannot define all of the structure-function relationships of Cdc42p. In addition to identifying novel functions and functional domains of Cdc42p, our results have formed a broad genetic foundation for the continuing analysis of a highly conserved signal transduction molecule. Pairwise crosses between each cdc42 ts allele were made by mating each haploid cdc42 ts strain to each other. The diploid cells resulting from the mating were struck to single colonies on rich medium and scored for growth after incubation at 34°C for 2 d. ϩ indicates wild type growth, Ϫ indicates no growth (no single colonies). Reciprocal pairwise crosses in which the mating type of the strain containing each allele was reversed yielded identical results (not shown). 
ts strains (MATa; see Table 1 ) were transformed with galactose-inducible URA3-marked cen plasmids containing known effectors of Cdc42. Transformation with vector (pRB1438), pGAL-STE20, pGAL-CLA4, pGAL-SKM1, pGAL-GIC1, and pGAL-GIC2 yielded, respectively, CDC42: DDY 1610 DDY , 1611 DDY , 1612 DDY , 1613 DDY , 1614 DDY , 1615 cdc42-1: DDY 1616 cdc42-1: DDY , 1617 cdc42-1: DDY , 1618 cdc42-1: DDY , 1619 cdc42-1: DDY , 1620 cdc42-1: DDY , 1621 cdc42-101: DDY 1622 cdc42-101: DDY , 1623 cdc42-101: DDY , 1624 cdc42-101: DDY , 1625 cdc42-101: DDY , 1626 cdc42-101: DDY , 1627 cdc42-118: DDY 1628 cdc42-118: DDY , 1629 cdc42-118: DDY , 1630 cdc42-118: DDY , 1631 cdc42-118: DDY , 1632 cdc42-118: DDY , 1633 cdc42-123: DDY 1634 cdc42-123: DDY , 1635 cdc42-123: DDY , 1636 cdc42-123: DDY , 1637 cdc42-123: DDY , 1638 cdc42-123: DDY , 1639 and cdc42-129: DDY 1640 and cdc42-129: DDY , 1641 and cdc42-129: DDY , 1642 and cdc42-129: DDY , 1643 and cdc42-129: DDY , 1644 and cdc42-129: DDY , 1645 . Transformants were struck to single colonies on selective medium containing galactose and incubated at 37°C. ϩ indicates wild type growth, ϩ/Ϫ indicates weak growth, and Ϫ indicates no growth (single colonies). Overexpression of CLA4 inhibits the growth of wild-type cells at 37°C but not 25°C. cdc42-124 was not included in this analysis because it is not temperature sensitive on selective media.
